Telomeres are important structures for DNA replication and chromosome stability during cell growth. Telomere length has been correlated with the division potential of human cells and has been found to decrease with age in healthy individuals. Nevertheless, telomere lengths within the same cell are heterogeneous and certain chromosome arms typically have either short or long telomeres. Both the origin and the physiological consequences of this heterogeneity in telomere length remain unknown. In this study we used quantitative telomeric FISH combined with a method to identify the parental origin of chromosomes to show that significant differences in relative telomere intensities are frequently observed between chromosomal homologs in short-term stimulated cultures of peripheral blood lymphocytes. These differences appear to be stable for at least 4 months in vivo, but disappear after prolonged proliferation in vitro. The telomere length differences are also stable during in vitro growth of telomerase-negative fibroblast cells but can be abolished by exogenous telomerase expression in these cells. These findings suggest the existence of a mechanism maintaining differences in telomere length between chromosome homologs that is independent of telomere length itself.
INTRODUCTION
Telomeres are specialized structures found at the ends of chromosomes whose primary structure is the same for all vertebrates (T 2 AG 3 ) n . They typically shorten at each cell division, due to the inability of conventional DNA polymerases to replicate the end of linear molecules (1) . Under normal conditions, cells unable to maintain telomere length stop dividing as soon as their telomeres fall below a critical minimum size (2, 3) . In vitro experiments showed that induction of telomerase expression was sufficient to restore the division potential of some types of cells with shortened telomeres (4) . In vivo cells undergoing multiple cell divisions, such as tumor cells, must find an efficient mechanism to maintain telomere length. Usually this involves activation of expression of TERT (5, 6) , the catalytic subunit of the telomerase complex, which elongates the 3′-ends of chromosomes (7) .
In both mice and humans telomere length seems to be, at least partially, genetically determined (8, 9) . Estimation of telomere length in peripheral blood lymphocytes (PBLs) from healthy human donors has shown an inverse correlation between telomere length and age (10) , leading to speculations on a relationship between telomere length and lifespan. In mice, however, telomere length seems not to be correlated with aging (11) and the phenotypic consequences of disrupting the telomerase gene are only observed after several generations (12) .
The distribution of telomere sizes has classically been determined through telomere restriction fragment (TRF) analysis, after enzymatic digestion of genomic DNA and Southern blotting. Recently, fluorescence in situ hybridization (FISH) techniques have been introduced to estimate individual telomere sizes (13, 14) . In particular, the use of telomere-specific PNA (peptide nucleic acids) probes permitted the demonstration of heterogeneity between telomere lengths within the same cell (14) . It was subsequently suggested that human chromosome 17 short arms are associated with short telomeres (15) . Since individual homologs were not distinguished, it remained possible that telomere length differences existed between homologs.
Human chromosomes are highly polymorphic with regard to their telomeres. Most sub-telomeric sequences derived from chromosome-specific human half-YACs are found, either through FISH or by PCR, to be common to several other chromosome ends (16) (17) (18) . Differences in size (sometimes implicating hundreds of kilobases) between sub-telomeric alleles (16pter and 2qter) have also been shown to exist in normal populations (19, 20) . Polymorphism, involving duplication of a large block of sub-telomeric sequence, has recently been observed in several human chromosomes (21, 22) . These large insertion/deletion polymorphisms can be consistently detected by FISH using cosmid probes carrying the corresponding sequences (21, 22) .
In this report, we have combined quantitative telomere PNA-FISH and conventional FISH techniques to obtain homologspecific telomere length estimations. We monitored the presence of telomere length differences between homologous chromosomes in stimulated PBLs from human donors. The observed differences in telomere length between homologs were also followed in vitro in cultured telomerase-negative fibroblast cells. Finally, the effect of exogenous telomerase expression on these differences was analyzed.
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MATERIALS AND METHODS

Cell lines and culture conditions
WI-38 (a human diploid fibroblast cell line) cells were obtained from ATCC, at population doubling (PD) 30 and were kept in culture following ATCC recommendations, with 1/4 dilutions (+2PD), until cells reached senescence. WI38+hTERT cells (PD48) were a gift of Judith Campisi (Lawrence Berkeley National Laboratory, Berkeley, CA) and were kept in culture under the same conditions as the wild-type WI-38 strain. At the indicated PDs, cultures were harvested for DNA extraction or TRAP assay. For metaphase chromosome preparations, 10 µg/ml colcemid (Eurobio) was added to culture flasks 1 h before harvesting, followed by KCl hypotonic shock and methanol/acetic acid (3:1) fixation. Fixed pellets were kept at -20°C until use.
Human lymphoblastoid cell lines from the CEPH collection were cultured in RPMI with 10% FCS. Flasks were split for simultaneous metaphase chromosome preparation and DNA extraction. For correlation studies between telomere fluorescence intensity and age, aliquots were anonymously obtained from fresh blood samples submitted to CEPH; only the date of birth was registered. For reproducibility studies of single telomere intensity estimations, two or three blood samples were obtained from five healthy volunteers over a period of 4 months. Whole blood (0.5 ml) was diluted in 5 ml of RPMI + 10% FCS and incubated in 14 ml tubes with 30 µg/ml PHA-C (Biosepra) at 37°C for 72 h. Metaphase chromosomes were prepared as described above. For extended proliferation studies, two purified PBL frozen samples from the CEPH collection were thawed out in RPMI + 10% FCS and stimulated 24 h later with 30 µg/ml PHA-P (Difco). After 24 h, the medium was replaced by IL-2 conditioned medium (23) and cultures were maintained for 10 more days. Metaphase chromosome preparations were obtained on days 2 and 11 after the beginning of stimulation.
TRF analysis
DNA was extracted using a Wizard kit (Promega) and aliquots (5 µg) digested overnight with the restriction enzymes RsaI and HinfI. Digested DNA fragments were separated in 0.65% TAE agarose gels and blotted onto positively charged nylon membranes. Telomere restriction fragments were revealed through hybridization with a 32 P-labeled (CCCTAA) 5 oligonucleotide probe. Signals were visualized and quantified in a phosphorimager (Bio-Rad). Intensity profiles of the smears were obtained and telomere mean sizes were calculated at the peak of signal intensity.
Telomerase assay
Telomerase activity was detected using a TRAPeze kit (Appligene). An equivalent number of cells were processed at indicated PDs for wild-type WI-38 and WI-38+hTERT fibroblasts. Products were separated by PAGE (10%) and quantified in a phosphorimager.
DNA probes
Cosmids ICRF10 (21) and f7501 (22) were obtained from Drs Gilles Vergnaud (IGM, Orsay, France) and Barbara Trask (Human Genome Center, Lawrence Livermore National Laboratory), respectively. BAC b253C3, from the CEPH collection, was occasionally used in FISH experiments to assign chromosome 8 homologs.
FISH
Metaphase spreads were prepared the day before telomere PNA-FISH experiments, which were carried out as described (24) using a (CCCTAA) 3 -Cy3 PNA probe (PerSeptive Biosystems). For identification of specific telomeres, a second FISH step was performed on the same slides using standard methods (25) with slight modifications. Briefly, after image acquisition and storage of telomeric signals, slides were washed in BN buffer [100 mM NaHCO 3 , 0.05% v/v Igepal (Sigma)] and denatured in 70% formamide, 2× SSC at 70°C for 2 min. After dehydration, slides were covered with 40 µl of hybridization buffer (50% formamide, 10% dextran sulfate, 2× SSC) containing 80 ng biotin-or digoxigeninlabeled cosmids, 26 µg Cot1 DNA and 100 µg sonicated salmon sperm DNA. Slides were incubated at 37°C overnight and then washed. Biotin was revealed with Texas red-avidin (Vector) and digoxigenin with FITC-conjugated anti-digoxin (Sigma). Chromosomes were counterstained with DAPI.
Image capture
After PNA hybridization, fluorescence signals were visualized under an epifluorescence microscope (Axioplan2; Zeiss) equipped with a computer piloted filter wheel. After localization of metaphases, blue (DAPI) and red (Cy3) fluorescence signals were captured by a CCD camera (PhotometricsSensys) using Smart-Capture software (Vysis) (settings: red, gain = 3; blue, gain = 1; binning = 4). A flat field template was used to correct for unevenness in field illumination and fluorescent beads were regularly used to check for UV light intensity decay (Fluoresbrite YG, 2 µm; Polyscience). Fixed exposure times of 1 or 2 s were sufficient to reveal all telomere signals in a metaphase spread, thus avoiding signal saturation and eliminating the need for time corrections as well as biases due to the presence of other stained objects in the same field (i.e. interphase nuclei). Original (not normalized) black and white (B&W) images were saved and used for quantitative analysis. Merged pseudo-color images were used to identify chromosomes based on DAPI simulated G-banding. For conventional FISH images, automatic exposure was allowed and normalization and enhancement procedures were used to improve G-banding and specific signal detection. To estimate total telomere fluorescence intensity, 20-40 metaphases per preparation were captured/stored. For single telomere analysis in WI-38 cells, 40-100 metaphases per preparation were captured/stored. With PBLs, 30-50 metaphases per individual and per preparation were captured/stored. Depending on the slides, 40-90% of the pre-localized metaphases were retrieved after the second FISH hybridization and analyzed.
Quantitative analysis of digital images
Iplab Spectrum P software (Skanalytics) was used for the quantitative analysis of images. Unmodified B&W images were used to estimate the mean pixel value for telomeric signals after manual (for single homolog-specific telomere measurement) or automatic (when the mean intensity for all telomeres in a metaphase was measured) segmentation protocols. Mean metaphase intensities were obtained by subtracting the mean pixel value associated with the interstitial regions of chromosomes (background) from the mean pixel value for all telomeres in the metaphase. The relative intensities of individual telomeres were obtained by dividing the mean pixel value associated with that telomere by the mean pixel value of all telomeres in the metaphase.
Statistical analysis
Regression analysis was used to test relationships between age and telomere fluorescence or mean TRF size. Differences between individual telomeres were tested either by paired t-test comparisons or analysis of variance after logarithmic transformation of the relative intensities. The Kolmogorov-Smirnov two-sample test was used to test for differences in the distributions of relative telomere intensities.
RESULTS
Telomere fluorescence intensities reflect telomere length
The fluorescence intensities of different telomeres, revealed through PNA-FISH, were heterogeneous within the same metaphase spread, as observed by Lansdorp et al. (14) . The intensities of signals corresponding to sister chromatids were highly correlated (r = 0.87; not shown), indicating similar local hybridization efficiencies for predicted similar telomere lengths. In all experiments, metaphase intensities also varied from metaphase to metaphase on the same slide (coefficient of variation 15-25%). This variation may result from factors such as different replicative histories of cells, differences in hybridization efficiencies across the slide and/or UV source fluctuations (15) . When mean fluorescence intensities for all chromosomes were calculated from around 20 metaphases, differences between individuals were also observed. In the case of PBLs, mean metaphase intensities were inversely correlated with donor age (r = -0.67; Fig. 1A) , whereas in the case of lymphoblastoid cell lines they were directly correlated with telomere length, as determined by TRF analysis (r = 0.95; Fig. 1B ). Taken together, these results indicate that, in our hands, telomere fluorescence intensities obtained by PNA-FISH do reflect telomere length.
Differences in telomere intensity between homologs are frequently detected in human PBLs
A second two-color FISH procedure, using probes f7501 and ICRF10 and applied to PNA-hybridized slides, allowed us to distinguish between some homologous chromosomes carrying insertion/deletion polymorphisms in sub-telomeric regions. This procedure was not likely to interfere with telomere intensity measurements since PNA-FISH images were captured and stored for later analysis before the second hybridization step.
The number of chromosome pairs accessible to our analysis in stimulated PBLs from five healthy human donors varied from two to five depending on the donor. Homologs of chromosome 11 pairs could be distinguished in all donors since all of them were hemizygous for f7501 (4/5) and/or ICRF10 (4/5). Other chromosomes found to carry hemizygosities were 8 (3/5), 9 (2/5) and 1, 5, 7, 9, 15 and 16 (1/5) (Fig. 2) . When heteromorphisms were present, such as obvious differences in heterochromatin size on chromosomes 1 (2/5) and 9 (1/5), they were also exploited to distinguish between homologs.
Homolog-specific telomere signal intensities showed high variability (coefficient of variation 40-50%) between metaphases on the same preparation from the same donor (not shown). This variability was greatly reduced by normalization of the intensity of single telomeres within a metaphase with respect to the mean fluorescence intensity of all telomeres, which commonly resulted in a coefficient of variation for homolog-specific relative intensities of <10% (not shown). Furthermore, relative telomere intensities thus obtained for every telomere and from more than 20 metaphases showed a near to normal distribution, unlike the distribution obtained when absolute values are used (not shown).
Individual homolog-specific relative telomere intensities obtained in different experiments with the same stimulated PBL sample were very similar (not shown). In most donors, paired comparisons between homologs frequently revealed significant differences (Table 1 ). The extreme medians for telomere-specific relative intensities were 0.88 and 1.10 and the maximum observed difference between two homologs was 0.19 (15p, Table 1 ). While the mean metaphase intensities were correlated with age (P < 0.05), there was no correlation between age and the degree of dispersion in the distribution of relative intensities when all telomeres were considered (not shown). Differences were reproducibly found in metaphase spreads of stimulated PBLs from the same donors isolated at 1-2 month intervals over a period of 4 months (Fig. 3) . When the same locus was accessible to analysis in several donors, both high and low relative values were observed. Given the small number of observations and the lack of markers linked to many telomere locations, it was not possible to establish associations with high or low relative telomere lengths. However, in the case of chromosome 11, where eight pter alleles were distinguished by adjacent f7501 or ICRF10 sequences, all f7501-positive alleles yielded low relative telomere intensities whereas ICRF10-positive alleles yielded higher values (mean 0.93 versus 1.00).
We finally looked at telomere length differences between homologous chromosomes after prolonged in vitro proliferation in two other PBL samples. In both cases, as expected, the mean metaphase intensities decreased with time (Fig. 4A ). Significant differences in relative telomere intensities between homologs detected at 48 h disappeared after 11 days of in vitro proliferation (Fig. 4B) , a time at which the overall distribution of telomere relative intensities was significantly more homogeneous (P < 0.0001) (Fig. 4C) . Metaphase spread after hybridization with telomeric PNA (top) followed by a second hybridization step with polymorphic subtelomeric probes, f7501 and ICRF10 (bottom). Chromosomes are counterstained with DAPI. In this particular donor, the second step allows distinction between homologs for chromosome pairs 7, 8, 9 and 11. Homologs for chromosome pair 1 can be distinguished by the size of their heterochromatin.
Table 1. Differences in telomere relative intensities between homologous chromosomes are frequently detected in healthy donors
Fresh PBLs from five healthy donors were stimulated with PHA for 72 h and metaphase spreads were analyzed by telomere-specific PNA-FISH. A second hybridization allowed certain pairs of homologous chromosomes to be distinguished. The medians of the relative intensities measured on identifiable homologous telomeres are shown. The 95% confidence limits for the mean are also shown. Paired comparisons yielding statistically significant differences (P < 0.01) between homologs are boxed. n, average number of metaphases analyzed. Exposure time 2 s. 
Telomere length differences between homologous chromosomes are stable in telomerase-negative, mortal fibroblasts replicating in vitro
To evaluate the impact of telomere shortening on telomere length differences between homologous chromosomes, we conducted experiments with telomerase-negative human fibroblasts. WI-38 fibroblast cells were maintained in culture for 6 weeks, during which they underwent 18 PDs before growth stopped. Since cells were estimated to have undergone 34 PDs before the beginning of the experiments, senescence was reached after about PD52, in agreement with previous observations (26) . Telomere length, as estimated by TRF analysis, decreased during growth (from 8.0 to 5.7 kb, i.e. 140 bp/cell division; not shown), as did the mean metaphase fluorescence intensity (Fig. 5A) .
In these cells, homologs for chromosomes 8 and 9 were distinguishable because of their hemizygosities for ICRF10 on 8pter and 9qter. As expected, the mean fluorescence intensity for individual telomeres decreased with increasing PDs (Fig. 5B) . On the other hand, relative telomere intensities for individual homologs remained stable throughout the culture period (Fig. 6) . Paired comparisons between homologs revealed significant differences in three of the four loci at all studied time points (Fig. 6) . Relative intensities for p and q telomeres on homolog 8B (negative for ICRF10) were consistently higher than those estimated on homolog 8A. In addition, the p telomere on homolog 9A (positive for ICRF10) always yielded lower relative intensities than its counterpart. In fact, the p telomere on chromosome 9A was consistently as short (mean 0.901) as both 17p telomeres (mean 0.908) in this cell line (P > 0.1).
Telomere length differences between homologs are abolished in WI-38 fibroblasts expressing exogenous telomerase
We next examined the impact of telomerase activity on telomere length differences in WI-38 fibroblasts transfected with hTERT. As expected, telomerase activity was present in WI-38+hTERT but not in wild-type WI-38 cells (Fig. 7A) . WI38+hTERT fibroblasts, which had been transfected at about PD30, were analyzed at PD50, 60 and 70, i.e. near and beyond the senescence point for wild-type WI-38 cells, which were again analyzed in parallel at PD38. WI-38+hTERT cells (PD60) had slightly longer telomeres than WI-38 cells (PD38), as revealed by TRF analysis (8.0 versus 7.3 kb) and PNA-FISH (mean metaphase intensity 429 ± 55 versus 376 ± 26; not shown). Paired comparisons between homolog-specific relative telomere intensities revealed that differences initially detected in wild-type cells were no longer present in WI38+hTERT cells (not shown). Moreover, an analysis of variance including all homolog-specific estimations showed that the telomere lengths at these eight locations had been homogenized in the telomerase-expressing cells (Fig. 7B) . Comparisons between single relative length estimations before and after transduction showed that, for instance, the telomere on homolog 9A, which was associated with a relatively low telomere intensity in wild-type WI-38 cells, exhibited a higher relative value in WI-38+hTERT cells (0.921 versus 0.976, respectively, P < 0.001). This is in contrast to the situation observed with the q telomere on homolog 8B, for which relative intensities were much lower in the transfected cell line than in wild-type cells (1.068 versus 0.941, P < 10 -7 ).
To determine whether telomere length homogenization affected all telomeres in the cell, we looked at the distribution of relative telomere intensities for all telomeres in WI-38+hTERT cells, obtained from more than 20 metaphases. The distribution was normal and exhibited markedly less dispersion than the distribution obtained for wild-type cells, from which it differed significantly (Fig. 7C) . Together, these results suggest that in WI-38+hTERT cells short telomeres had been more efficiently elongated than long ones.
DISCUSSION
The observation made by others (14, 15) that telomere length heterogeneity is not randomly distributed among chromosomes is confirmed in our study. The present work shows, in addition, that significant length differences among homologous chromosomes may be observed when these are distinguishable. Such differences are consistently observed both during in vitro growth of telomerase-negative fibroblasts and in several shortterm stimulated PBL samples from the same donor. Since variations were also detected between individuals, length differences may correspond to homolog-specific telomere length polymorphisms. This possibility had already been suggested to Martens et al. who observed a marked variability in mean telomere lengths for chromosome 11p in individuals from their population sample (15) . Our results provide definitive proof that certain 11p arms are associated with long telomeres as compared to their homologs. Moreover, telomere length polymorphism may not be restricted to the short arm of chromosome 11, since length differences were frequently detected between other homologous chromosome ends. Telomere length polymorphism might thus fully explain the telomere length heterogeneity observed within human cells.
The consequences of telomere length heterogeneity are not fully understood. Although telomere length is related to cellular senescence, no such function has been attributed to a specific telomere. The accumulation of several short telomeres (rather than the length of the shortest one) seems to be the signal that triggers senescence in telomerase-negative cells (27) . Should the initial length of a given telomere be predetermined, the occurrence of particularly short telomeres in a given individual may affect the replication capacity of his/her telomerase-negative cells. Whether or not this would in turn affect lifespan remains highly speculative. On the other hand, inasmuch as telomeres are required for chromosome stability, chromosomes with short telomeres might be more likely to be involved in rearrangement or loss events related to oncogenesis (15) . Considering the potential for every chromosome arm to carry short or long telomeres, the probability for a given chromosome to undergo such events would vary between individuals in the general population.
It is not known whether telomere length differences between homologs were present when WI-38 cells were initially isolated from fetal tissue (28) . Nonetheless, our experiments show that, in the absence of telomerase, these differences are stable throughout at least one-third of the in vitro lifespan of the WI-38 cell line. This observation is in keeping with the proposed mechanisms for cell division-dependent erosion of telomeres, by which most telomeres undergo a comparable attrition during in vitro growth (29) (30) (31) . It is not excluded, however, that in cell cultures closer to senescence telomere length heterogeneity will be reduced due to accumulation of short telomeres (27) .
Interestingly, forced expression of exogenous telomerase in WI-38 fibroblast cells abolished telomere length differences, apparently through a more efficient elongation of short telomeres. This result is consistent with reported observations using fibroblast cells in which limiting amounts of exogenous telomerase led to a preferential elongation of short telomeres (32, 33) . These results may correspond to our observations in long-term culture of stimulated PBLs, in which the endogenous expression of hTERT, which normally follows in vitro lymphocyte activation, does not prevent overall telomere shortening due to proliferation (34, 35) . In this case a preferential activity of telomerase towards short telomeres could explain the observed telomere length homogenization in those cells. Although the accumulation of short telomeres in pre-senescent T cells might eventually lead to telomere homogenization, it is unlikely that the cells we examined here were close to senescence, the lifespan of in vitro stimulated PBLs usually being much longer than 11 days (23) .
The telomere length homogenization observed in our experiments may be accounted for by current models of telomerase control (36) and, in particular, by telomere length-dependent cis-inhibition mechanisms similar to those in yeast (37) . There is no direct evidence, however, that in humans negative control mechanisms dependent on telomere length occur in vivo. In fact, the prevalent telomere length heterogeneity detected in short-term stimulated PBLs (14, 15 ; present results) clearly contrasts with the documented telomerase activity at several stages of B and T cell development (38) (39) (40) . Perhaps, telomere length differences between chromosomes are already present in the zygote and are simply perpetuated through uniform telomere shortening and very tight regulation of telomerase activity. Alternatively, the telomeric length differences could be maintained by still unidentified length-independent modulating factors, which promote cis-activation/inhibition of telomerase during development. Further studies are needed to ascertain whether telomere length differences between homologous chromosomes are inherited polymorphisms or are the result of epigenetic phenomena, as is the case for the inactivated chromosome X (41). 
